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OBJECTIVE— Sarco-endoplasmic reticulum Ca 2+ -ATPase 2b 
(SERCA2b) and SERCA3 pump Ca 2+ in the endoplasmic reticu- 
lum (ER) of pancreatic p-cells. We studied their role in the con- 
trol of the free ER Ca 2+ concentration QCa 2+ ] ER ) and the role of 
SERCA3 in the control of insulin secretion and ER stress. 

RESEARCH DESIGN AND METHODS— p Cell [Ca 2+ ] ER of 
SERCA3 +/+ and SERCAS'^ mice was monitored with an adeno- 
virus encoding the low Ca 2+ -affinity sensor D4 addressed to the 
ER (D4ER) under the control of the insulin promoter. Free cyto- 
solic Ca 2+ concentration QCa 2+ ] c ) and [Ca 2+ ] ER were simulta- 
neously recorded. Insulin secretion and mRNA levels of ER 
stress genes were studied. 

RESULTS— Glucose elicited synchronized [Ca 2+ ] ER and [Ca 2+ ] c 
oscillations. [Ca 2+ ] ER oscillations were smaller in SERCAS^ than 
in SERCA3 +/+ |3-cells. Stimulating cell metabolism with various 
[glucose] in the presence of diazoxide induced a similar dose- 
dependent [Ca 2+ ] ER rise in SERCA3 +/+ and SERCAS^ (3-cells. 
In a Ca 2+ -free medium, glucose moderately raised [Ca 2+ ] ER from 
a highly buffered cytosolic Ca 2+ pool. Increasing [Ca + ] c with high 
[K] elicited a [Ca 2+ ] ER rise that was larger but more transient in 
SERCA3 +/+ than SERCAS^ (3-cells because of the activation of 
a Ca 2+ release from the ER in SERCA3 +/+ (3-cells. Glucose-induced 
insulin release was larger in SERCAS^ than SERCA3 +/+ islets. 
SERCA3 ablation did not induce ER stress. 

CONCLUSIONS— [Ca 2+ ] c and [Ca 2+ ] ER oscillate in phase in re- 
sponse to glucose. Upon [Ca 2+ ] c increase, Ca 2+ is taken up by 
SERCA2b and SERCA3. Strong Ca 2+ influx triggers a Ca 2+ release 
from the ER that depends on SERCA3. SERCA3 deficiency nei- 
ther impairs Ca 2+ uptake by the ER upon cell metabolism accel- 
eration and insulin release nor induces ER stress. Diabetes 
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Pancreatic |3-cells stimulated by glucose display 
oscillations of the free cytosolic Ca 2+ concentra- 
tion QCa 2+ ] c ) resulting from intermittent Ca 2+ 
influx (1,2). Their endoplasmic reticulum (ER) 
takes up cytosolic Ca 2+ by two sarco-endoplasmic retic- 
ulum Ca 2+ -ATPases (SERCAs): SERCA2b, ubiquitously ex- 
pressed, and SERCA3, expressed only in islet (3-cells (3,4). 
The role played by the ER in the [Ca 2+ ] c response to glu- 
cose is unclear. In particular, it has been suggested that 
Ca 2+ influx through voltage-dependent Ca 2+ channels facil- 
itates the uptake of Ca 2+ by the ER (5-10) or, on the con- 
trary, triggers a release of Ca 2+ from the ER (11-14), which 
might contribute to glucose-induced [Ca 2+ ] c oscillations 
(11,14) or to a sustained and pronounced [Ca 2+ ] c rise 
(12,13). 

The method of choice to monitor the free ER Ca + con- 
centration ([Ca ]er) in living cells uses genetically encoded, 
Ca 2+ -sensitive probes targeted to the organelle (15,16). One 
of them, D1ER, a ratiometric Ca 2+ indicator, has been used 
in several cell types (17,18). However, the Dl Ca 2+ sensor 
has a relatively high affinity for Ca 2+ (60 |xmol/L) (19). To 
yield a more suitable probe to monitor higher [Ca 2+ ] 

er? we 

replaced Dl by D4 that has a lower affinity for Ca 2+ (195 
|xmol/L) (20), and expressed it under the control of the 
insulin promoter in clusters of (3-cells. In most experiments, 
[Ca 2+ ] ER (D4ER) and [Ca 2+ ] c (FuraPE3) were simulta- 
neously recorded to evaluate the interplay between both 
parameters. Because SERCA2b and SERCA3 have been 
suggested to play distinct roles (4,5), we evaluated their re- 
spective roles on [Ca 2+ ] c and [Ca 2+ ] ER by using (3-cells from 
wild-type (SERCA3 +/+ , expressing SERCA2b and SERCA3) 
and SERCA3 knockout mice (SERCAS 7 , expressing 
SERCA2b only) (21). We also assessed the role of SERCA3 
in glucose tolerance, insulin secretion, and ER stress, as it 
was found that missense mutations of the human SERCAS 
gene are associated with type 2 diabetes (22), SERCA3 
expression is reduced in diabetic rat models (23), and 
SERCA3 is involved in ER stress (24). 



RESEARCH DESIGN AND METHODS 

D4ER engineering and adenovirus generation. To measure [Ca 2+ ] E R in 
[3-cells, we constructed an adenovirus encoding D4ER under the control of the 
rat insulin promoter. Therefore, pCDNA3DlER (a gift from A.E. Palmer, 
University of Colorado, Boulder, CO) (16,19) was digested with Hindlll and 
EcoRl to release D1ER which was subcloned into Hindlll and EcoRl sites of 
pCS2+ plasmid (pCS2+DlER). To replace the Ca 2+ binding domain Dl by D4, 
the pBadD4 plasmid (a gift from A.E. Palmer) (20) was first digested with 
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BamEl and Eco RI. This digestion released a fragment containing a single cut 
with Sphl, which was then subsequently digested with Sphl and Sad. In par- 
allel, the Dl domain was removed from the pCS2+DlER plasmid by digestion 
with Sphl and Sacl and was replaced by the D4 fragment (pCS2+D4ER plas- 
mid). The cDNA sequence of D4ER was then placed after the sequences of the 
rat insulin promoter and the rabbit p-globinl intron (RIP-BGL) into a pShuttle 
(pShuttleRIP-BGL-D4ER). Recombination with pAdEasy-1 and viral amplifi- 
cation were then performed as previously reported (25). 
Solutions and preparations. The study was approved by our local Com- 
mission d'Ethique. Islets were obtained by collagenase digestion of the pancreas 
of SERCA3 knockout (SERGA3~ /_ ) mice (21) or their control homozygous 
C57BL/6J wild-type littermates (SERCA3 +/+ ). Isolated cells and clusters of cells 
were cultured in RPMI 1640 medium containing 10 mmol/L glucose. After 
overnight culture, cells were infected with the D4ER adenovirus, and experi- 
ments were performed 2 days after. 

The medium used for [Ca 2+ ] c , [Ca 2+ ] ER , and insulin secretion experiments 
contained (in mmol/L) 120 NaCl, 4.8 KC1, 2.5 CaCl 2 , 1.2 MgCl 2 , 24 NaHC0 3 , 
1 mg/mL BSA, and various glucose concentrations and test agents (all from 
Sigma, St. Louis, MO) as indicated. Ca 2+ -free solutions were supplemented with 
0.5 mmol/L EGTA. 

Immunocytochemistry. Cells were immunostained for insulin and glucagon 
as previously described (26). 

[Ca 2+ ] ER and [Ca 2+ ] c measurements. [Ca 2+ ] ER and [Ca 2+ ] c measurements 
were performed at 37°C with a 40 X objective and a Quantem camera (Roper 
Scientific Inc., Trenton, NJ). [Ca 2+ ] ER was measured every 3-4 s by exciting 
D4ER at 435 nm and recording the emitted light at 540 and 475 nm. We tried to 
calibrate the signal by treating the cells with the Ca 2+ ionophore ionomycin or 
by permeabilization with a-toxin or digitonin in an attempt to determine 
maximal and minimal fluorescence ratios, but the probe washed out slightly, 
and the maximal achievable ratio at saturating [Ca 2+ ] was always lower than 
that found at high glucose in intact cells. Therefore, all [Ca 2+ ] ER changes are 
expressed as ratios (540/475). 

When [Ca 2+ ] ER and [Ca 2+ ] c were simultaneously recorded, cells were loaded 
for 13-15 min with 100 nmol/L FuraPE3/AM (Sigma) at 37°C and excited at 340 
and 380 nm while the emitted light was recorded at 510 nm. 
Glucose tolerance test and insulin secretion experiments. After a 6-h fast, 
an intraperitoneal glucose tolerance test was performed by injecting 2.4 mg of 
glucose (20% [w/v] solution) per gram of body weight. Insulin secretion was 
measured using batches of 25-30 perifused islets and assayed using a radio- 
immunoassay (4). 

Measurement of islet gene mRNA levels. After islet total RNA extraction 
and reverse transcription, Xbpl mRNA splicing and relative changes in islet 
gene mRNA levels were measured as previously described (27). 
Statistical analysis. Experiments have been repeated with cells of at least 
three different cultures. The statistical significance between means was assessed 
by unpaired Student t test, or by ANOVA followed by Newman-Keuls or Bon- 
ferroni test. 



RESULTS 

D4ER is expressed in the ER of P-cells and reports 
[Ca 2+ ] ER changes. All D4ER-positive dispersed islet cells 
(119/119) were immunoreactive for insulin (not shown). 
The efficiency of p-cell infection was 70% (128/182), and 
none of the D4ER-positive cells was immunostained for 
glucagon (n = 101 cells). Confocal microscopy showed 
that D4ER was excluded from the nucleus but localized in 
a tubular network in the cytoplasm and around the nucleus 
(Fig. 1A). This distribution is specific for the ER (19). 

Therefore, D4ER was used to measure p-cell [Ca 2+ ] ER . 
Blocking SERCAs with thapsigargin strongly decreased 
[Ca 2+ ] ER , whereas subsequent addition of acetylcholine 
(ACh) was ineffective (Fig. IB). Application of ACh be- 
fore thapsigargin only partially emptied the ER (Fig. 1(7). 
Raising [Ca 2+ ] c by depolarization with 45 mmol/L KC1 
(K45) increased [Ca 2+ ] ER (Fig. ID), indicating that D4ER 
was not saturated. 

D4ER is almost insensitive to intracellular pH (pHj) 
changes in the physiological range. Induction of supra- 
physiological pHj changes barely affected the D4ER ratio 
that decreased transiently by only 0.015 ± 0.008 units 
(n = 48) in response to strong alkalinization induced by 5 
mmol/L NH 4 C1 but did not change in response to strong 



acidification occurring upon removal of NH 4 C1 (not shown). 
Moreover, all experiments were performed with a bicar- 
bonate buffer where secretagogue-induced pHj changes are 
minimal (10,28). 

Glucose induces [Ca 2+ ] ER oscillations that partly 
involve SERCA3. To study the correlation between [Ca 2+ ] c 
and [Ca 2+ ] ER , islet cells expressing D4ER were loaded with 
FuraPE3. The loading conditions were selected to have 
a weak FuraPE3 signal, the changes of which did not affect 
the D4ER ratio and hence apparent [Ca 2+ ] ER (Supplemen- 
tary Figs. 1-3). This was attested by the observation that 
K45 increased both [Ca 2+ ] c and [Ca 2+ ] ER , whereas ACh 
elicited the expected antiparallel changes in [Ca 2+ ] c and 
[Ca 2+ ] ER (Fig. IE). 

Addition of 20 mmol/L glucose to a glucose-free medium 
(GO) elicited a first transient [Ca 2+ ] c drop that was ac- 
companied by an increase in [Ca 2+ ] ER (Fig. IF, arrow 1). 
Thereafter, both [Ca 2+ ] c and [Ca 2+ ] ER increased abruptly 
(arrow 2) and started to oscillate in synchrony. The rapid 
increase in [Ca 2+ ] ER occurring when [Ca 2+ ] c rises (arrow 2) 
indicates that SERCAs are strongly stimulated by Ca 2+ . 

The parallel changes in [Ca 2+ ] c and [Ca 2+ ] ER were more 
easily seen during continuous stimulation with 15 mmol/L 
glucose (Fig. 2A). As expected from the electrical coupling 
between p-cells within a cluster (1), [Ca 2+ ] ER oscillated syn- 
chronously between cells within the same cluster but asyn- 
chronously between cells from different clusters (Fig. 2(7). 

We next compared p-cells from wild-type (SERCA3 +/+ ) 
and SERCA3 knockout (SERCAS''') mice. In SERCAS''' 
P-cells, glucose-induced [Ca 2+ ] c oscillations were larger 
and steeper whereas [Ca 2+ ] ER oscillations were smaller 
than in SERCA3 +/+ p-cells (ARatio D4ER, 0.035 ±0.01 
[n = 57] vs. 0.052 ± 0.02 [n = 31]; P < 0.01) (Fig. 2B). 
[Ca 2+ ] ER oscillations were synchronized between p-cells 
within the same cluster (Fig. 2D). 

To test the impact of higher frequency [Ca 2+ ] c oscil- 
lations on [Ca 2+ ] ER , pulses of K45 were applied at a fre- 
quency and specific durations mimicking the spontaneous 
oscillations of the electrical activity observed in islets 
stimulated by 10 mmol/L (22 s K4.8/8 s K45) (Fig. 2E) or 15 
mmol/L glucose (15 s K4.8/15 s K45) (not shown). They 
induced low-amplitude [Ca 2+ ] ER oscillations. The maximal 
detectable frequency was three oscillations per minute. 
Distinct roles of SERCA2b and SERCA3 upon accel- 
eration of cell metabolism or rise in [Ca 2+ ] c . To inves- 
tigate the effect of the sole acceleration of cell metabolism 
on Ca 2+ uptake by SERCA2b or SERCA3, p-cells were 
preincubated for 30 min in GO to deplete the ER in Ca 2+ , and 
subsequently stimulated with various [glucose] (from 2 to 
20 mmol/L) in the presence of diazoxide (Dz) (Fig. 3A-C). 
Glucose similarly increased [Ca 2+ ] ER in both SERCA3 +/+ 
and SERCAS '' p-cells. The filling of the ER in Ca 2+ was 
prominent already at 2 mmol/L glucose, half-maximal at ~5 
mmol/L glucose, and maximal at 8 mmol/L of the sugar 
(Fig. 3A-C). Upon glucose removal, [Ca 2+ ] ER decreased and 
stabilized rapidly in both SERCA3 +/+ and SERCAS y ~ 
P-cells (Fig. 3D). However, it was not emptied as subse- 
quent application of thapsigargin decreased [Ca 2+ ] ER fur- 
ther. Application of azide in GO also decreased [Ca 2+ ] ER , but 
to a lesser extent than thapsigargin (Fig. 3E). 

To assess the role of SERCA2b and SERCA3 in the re- 
plenishment of the ER with Ca 2+ when [Ca 2+ ] c increases, 
p-cells were perifused with 15 mmol/L glucose to pro- 
vide enough ATP for the SERCAs and Dz to prevent Ca 2+ 
influx (Fig. 4). They were then submitted to 5-min de- 
polarizations with various [KC1] (10-45 mmol/L) to dose 
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FIG. 1. Validation of D4ER as a reporter of [Ca ] ER changes and of combined measurements of [Ca ] c and [Ca ] ER . A: Confocal image of a single 
0-cell expressing D4ER. B-D: (3-Cell [Ca 2+ ] E R measurements. Cells were perifused with 15 mmol/L glucose (G15) in the presence of 250 |mmol/L of 
the K ATP channel opener Dz. As indicated, 1 (uimol/L thapsigargin, 100 (uimol/L ACh, or 45 mmol/L KC1 (K45) was added. E and F: Simultaneous 
measurement of [Ca 2+ ] c (FuraPE3) and [Ca 2+ ] ER (D4ER) in (5-cells. E: The perifusion medium contained 15 mmol/L glucose (G15) and 250 jjimol/L 
Dz throughout. 0-Cells were stimulated with 45 mmol/L KC1 (K45) and 100 fjimol/L ACh as indicated. F: p-Cells were perifused in glucose-free 
medium (GO) and then stimulated with 20 mmol/L glucose (G20). B-D: Means ± SE for 23-44 cells from three to four experiments with three islet 
preparations. E and F: Representative traces from 9 to 42 cells from three experiments with three islet preparations. 



diabetes.diabetesjournals.org 



DIABETES, VOL. 60, OCTOBER 2011 2535 



INTERPLAY BETWEEN [Ca 2+ ] c AND [Ca 2+ ] ER IN p-CELLS 




B 



D4ER 
(540/475) 



CO 
LO 

o 
o 




2 min 



G15-Dz 



K45 
K4.8 



8s 



ri22s 



X11 



0.72 



£2 0.68 - 



0.64- 



0.60 J 



SERCA3- 



G15 




D4ER 

(540/475) 



i 1 

2 min 




vvyvv 



D4ER 

(540/475) 



2 min 



SERCA3 



+/+ 




,-1 .10 



-1.08 | 

LU 

1-1.06 S 



2 3 
Time (min) 



FIG. 2. [Ca + ] ER oscillations are synchronized to glucose- or high KCl-induced [Ca + ] c oscillations in (5-cells. A and B: Simultaneous measurements of 
[Ca 2+ ] c (FuraPE3) and [Ca 2+ ] ER (D4ER) in 0-cells from SERCAS^ (A) or SERCAS^ CB) mice perifused with 15 mmol/L glucose (G15). C and D: 
Changes in [Ca 2+ ] E R analyzed in the whole-cluster or -cell regions indicated in the pictures at the top of each panel for SERCAS^ + (C) or SERCA3~ X ~ 
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dependency increase [Ca 2+ ] c . In SERCA3 +/+ (3-cells, the 
shape of the [Ca 2+ ] ER rise strongly depended on the 
[KC1]: sustained at low [KC1] (<15 mmol/L) and transient 
at higher [KC1] (Fig. 4A-C, thin line; G; /, solid line; J and 
K). The paradoxical drop in [Ca 2+ ] ER achieved at high 
[KC1] (>15 mmol/L) is further documented in Fig. 4L, 
which shows that K15 increased [Ca 2+ ] ER to a plateau, 
whereas subsequent addition of K45 elicited a transient 
[Ca 2+ ] ER increase followed by a drop to lower values 
than those reached at K15. Upon repolarization, the 
pattern of the [Ca 2+ ] ER decrease mirrored that of the 
increase. Thus, after stimulation with low [KC1] (K10-15), 
[Ca 2+ ] ER decreased monotonically (not shown), whereas 
after stimulation with high [KC1] (>K25), it displayed 
a pronounced drop followed by a subsequent slow recovery 
toward prestimulatory values (Fig. 47, thick line, end of the 
trace). This suggests that strong ER replenishment in Ca 2+ 
triggers the release of Ca 2+ from the ER. 

This proposal is strengthened by correlating the changes 
in [Ca 2+ ] ER and [Ca 2+ ] c . In SERCA3 +/+ (3-cells, low [KC1] 
(K10, K15) induced a dose-dependent and sustained [Ca 2+ ] c 
increase (Fig. 4A, thick line), whereas higher [KC1] elicited 
in some cells a biphasic [Ca 2+ ] c rise characterized by a sus- 
tained elevation superimposed by a transient hump (40-120 s 
after the onset of depolarization) (Fig. 4J3 and C, thick 
line). Increasing [KC1] augmented the percentage of cells 
displaying a hump (0/42 cells in K10, 3/29 [10%] cells in 
K15, 25/41 [61%] cells in K25, 38/47 [81%] cells in K35, and 
33/35 [94%] cells in K45), the hump amplitude, and reduced 
the time at which it occurred. The presence of a hump is 
better illustrated on individual traces (Fig. 5). It always 
correlated with a drop in [Ca 2+ ] ER , suggesting that it reflects 
a release of Ca 2+ from the ER (Fig. 5A), which is reminis- 
cent of the atypical Ca 2+ -induced Ca 2+ release (CICR) that 
we previously documented (13). This suggestion is corrob- 
orated by three observations. 1) The antiparallel changes in 
[Ca 2+ ] c and [Ca 2+ ] ER occurred at different times in different 
cells within the same cluster, which is expected for a Ca 2+ 
mobilization phenomenon (not shown). 2) Cells showing a 
parallel increase in [Ca 2+ ] c and [Ca 2+ ] ER in response to a 
first application of K15 displayed a hump always associated 
with a [Ca 2+ ] ER drop during a subsequent application of 
K45 (Fig. 51?). 3) By contrast, the few cells that already 
displayed a [Ca 2+ ] c hump associated with a [Ca 2+ ] ER drop 
in response to K15 always showed parallel [Ca 2+ ] c and 
[Ca 2+ ] ER changes upon application of K45 (Fig. 5(7). The 
CICR was also observed in the majority of the cells (28/38) 
during simulation with tolbutamide (Fig. 5D and E), and signs 
of it were observed during rapid imposed [Ca 2+ ] c oscillations 
because a summation of [Ca 2+ ] c oscillations was concom- 
itant with a [Ca 2+ ] ER decrease (Fig. 5F). The CICR could 
even be observed after the application of K45, i.e., when 
Ca 2+ influx has stopped (Fig. 5G, H). 

In SERCAS ^ (3-cells, the maximal [Ca 2+ ] ER rises elicited 
by various [KC1] were smaller than in SERCA3 +/+ (3-cells, 
demonstrating that SERCA3 contributes to the Ca 2+ refilling 
of the ER when [Ca 2+ ] c increases (Fig. 4D-F, thin line; J). At 
[KC1] >25 mmol/L, the rise in [Ca 2+ ] ER was less transient 
than in SERCA3 +/+ p-cells (Fig. 4E, F, H, I, and K). Appli- 
cation of K45 after K15 induced a smaller [Ca 2+ ] ER rise 



followed by a much slower [Ca + ] ER decrease than in 
SERCA3 +/+ (3-cells (Fig. 4L). However, no CICR was ob- 
served in the vast majority of SERCAS ^ (3-cells (1/28 cells 
at K35 and 2/39 ceUs at K45) (Fig. 4E and F and Supple- 
mentary Fig. 4). 

In GO, K45 induced a similar large [Ca 2+ ] ER rise in 
SERCA3 +/+ and SERCAS'^ (3-cells (Fig. 4M and AO with no 
CICR. When SERCAs were blocked by thapsigargin, K45 
induced a larger initial [Ca 2+ ] c rise (Fig. 4, O vs. M, thick 
line), whereas it barely affected [Ca 2+ ] ER (Fig. 40, thin line). 
This demonstrates that most of the high [KCl]-induced 
[Ca 2+ ] ER rise results from Ca 2+ pumping by SERCAs that 
buffer the rise in [Ca 2+ ] c . 

The contribution of ER Ca 2+ pumps other than SERCAs 
to the refilling of the ER in Ca 2+ , as investigated in 
thapsigargin-treated (3-cells, was minimal (Supplementary 
Fig. 5 vs. Figs. 1, 4, and 5). Nevertheless, an increase of both 
metabolism and [Ca 2+ ] c (Supplementary Fig. 5A, G20) in- 
duced a slightly larger [Ca 2+ ] ER rise than a sole increase in 
either [Ca 2+ ] c (Supplementary Fig. 5B, K45) or metabolism 
(Supplementary Fig. 5C, G20 + Dz). Application of azide 
(5 mmol/L) in GO did not affect [Ca + ] ER (not shown). 
Adaptation of [Ca 2+ ] ER to long changes in [Ca 2+ ] c . We 
next analyzed the influence of a [Ca 2+ ] c decrease on 
[Ca 2+ ] ER . Therefore, (3-cells were first stimulated with 20 
mmol/L glucose (Fig. 6). This induced a biphasic increase 
in [Ca 2+ ] ER characterized by a first phase followed by 
a slow decrease to a plateau (Fig. 6, arrow 1) that was 
higher than in the absence of glucose. Abrogation of Ca 2+ 
influx with the K ATP channel opener Dz (Fig. 6A), or with 
the L-type Ca 2+ channel blocker nimodipine (Fig. 61?), in- 
duced a rapid drop in [Ca 2+ ] ER followed by a slow rise to- 
ward values (arrow 2) that were similar to those observed 
in the presence of 20 mmol/L glucose alone (arrows 1 vs. 2). 
By contrast, when Ca 2+ influx was suppressed by removal 
of extracellular Ca 2+ , [Ca 2+ ] ER decreased rapidly but did not 
increase thereafter (Fig. 6C, arrow 3). This suggests that 
the slow secondary [Ca 2+ ] ER increase observed upon 
blockade of Ca 2+ influx (Fig. 6A and B, arrow 2) results 
from an influx of external Ca 2+ that either does not affect 
[Ca 2+ ] c or could not be detected by measuring [Ca 2+ ] c . To 
demonstrate the existence of such an influx, we performed 
quenching experiments of FuraPE3 trapped within the cell 
by Mn 2+ applied extracellularly (Supplementary Fig. 6). This 
unequivocally demonstrates a prominent Mn + (represent- 
ing Ca 2+ ) influx (see 360-nm trace) that is not accompanied 
by a detectable [Ca 2+ ] c rise in hyperpolarized (3-cells. 

Finally, the impact of an increase of metabolism was 
evaluated in a Ca 2+ -free medium (Fig. 7). Surprisingly, 
application of glucose or metabolized amino acids in- 
creased [Ca 2+ ] ER to a plateau that was independent of Ca 2+ 
influx from the extracellular space and insensitive to Dz 
(Fig. 1A and B and Supplementary Fig. 7A). This increase 
was completely abrogated by preincubating the cells with 
the high-affinity intracellular Csl + chelator BAPTA (Fig. 7A). 
The glucose-induced [Ca 2+ ] ER rise was unaffected by the 
nonmetabolized sugar sucrose (Fig. 7(7), and reversed by the 
metabolic poison azide (Fig. ID), indicating that it was due 
to an energy-requiring process. Application of azide in GO 
decreased [Ca 2+ ] ER in a poorly reversible manner (Fig. IE). 



0-cells (Z>). E: SERCA3 +/+ 0-cells were submitted to pulses of 4.8 (K4.8) and 45 mmol/L KC1 (K45) applied at a frequency (two per minute) and at 
the duration indicated at the top of the panel and mimicking the spontaneous oscillations of the electrical activity observed in islets stimulated by 
10 mmol/L. The perifusion medium contained 15 mmol/L glucose (G15) and 250 jjimol/L Dz throughout. The shaded areas highlight the synchronicity 
between [Ca 2+ ] c and [Ca 2+ ] ER . Values are means ± SE for 29-35 cells (A-D) or representative trace for 15 cells (i?) from three experiments with 
three islet preparations. 
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FIG. 3. Metabolic dependency of Ca 2+ uptake by the ER.A and B: [Ca 2 
mice. After a 30-min preincubation in a glucose-free medium (GO), 0-cells were perifused with various [glucose] (Gx) ranging from 2 to 20 mmol/L, 
as indicated. The Dz concentration was 250 fjimol/L throughout. C: Dose-response curves of the experiments illustrated in A and B. D and E: The 
perifusion medium containing 250 jjimol/L Dz was a glucose-free medium (GO) throughout (i?) or was supplemented with 15 mmol/L glucose (G15) 
as indicated (Z>). Azide (5 mmol/L) and 1 jjimol/L thapsigargin (Thapsi) were added as indicated. Values are means ± SE for 16-46 cells from three 
to four experiments with three to four islet preparations. 
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FIG. 4. Characteristics of the [Ca 2+ ] ER changes elicited by rises in [Ca 2+ ] c of various amplitudes in (5-cells from SERCA3 +/+ and SERCA3 7 mice. 
A-F: Simultaneous measurement of [Ca 2+ ] c (FuraPE3) and [Ca 2+ ] ER (D4ER) in 0-cells from SERCAS +/+ C4-C) or SERCAS'^ (Z>-F) mice perifused 
with 15 mmol/L glucose (G15) and 250 jjimol/L Dz. Cells were stimulated with 15 mmol/L (K15) (A andZ>), 25 mmol/L (K25) (B and^), or 45 mmol/L 
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FIG. 5. Simultaneous measurement of [Ca + ] c (FuraPE3) and [Ca + ] E r (D4ER) reveals that in some (A-D and F-iT), but not all (E and /), 0-cells 
from SERCA3 +/+ mice, stimulation with high [KC1] or tolbutamide induces a CICR that is detectable by the antiparallel changes in [Ca 2+ ] c and 
[Ca 2+ ] E R- The perifusion medium contained 15 mmol/L glucose (G15) and 250 jjimol/L Dz (A-C, F, and G-I), or 6 mmol/L glucose (G6) (J) and E). 
A-C and G: 0-Cells were stimulated with the indicated [KC1]. D and 2?: 0-Cells were stimulated with 250 |mmol/L tolbutamide (Tolb). F: 0-Cells were 
submitted to pulses of 4.8 (K4.8) and 45 mmol/L KC1 (K45) applied at a frequency (two per minute) and with a duration indicated on the top of the 
panel and mimicking the spontaneous oscillations of the electrical activity observed in islets stimulated by 10 mmol/L. H and /: (5-Cells were 
submitted to two pulses of 45 mmol/L KC1 (K45) of 3 and 5 s when indicated by the arrows. This illustrates the extremely fast uptake capacity of 
the ER as a [Ca 2+ ] ER rise was already observed during a 3-s depolarization with K45. Values are representative traces for 33/35 CA), 31/51 (2?), 6/51 
(C), 28/38 (D), 10/38 (#), 34/41 (F), 10/17 (G), 2/35 (#), and 33/35 (/) cells from three experiments with three islet preparations. 



Note that the glucose-induced [Ca 2+ ] ER increase observed in 



a Ca 2+ -free medium was small compared with the large re 



sponse observed when extracellular Ca + was supplied (Fig. 
IF; see same type of response in SERCA3~ y ~ islets in Sup- 
plementary Fig. IE). 



SERCA3 ablation neither impairs glucose tolerance 
and insulin secretion nor increases ER stress. SERCAS ^ 
mice (24.4 ± 0.7 g) were indistinguishable from their wild- 
type littermates (24.4 ± 0.3 g) in their gross phenotype and 
their blood glucose and plasma insulin levels during an 



(K45) K (C and F) as indicated. G-I and L: Comparison of [Ca 2+ ] ER (D4ER) changes in 0-cells from SERCA3 +/+ (G, /, and Z,) or SERCAS^' (H, /, 
and!/) mice under various KC1 stimulations, as indicated. J and K: Quantifications of the effects of the various [KC1] on the maximal [Ca 2+ ] ER achieved 
after the change in [KC1] (J), and on [Ca 2+ ] ER 5 min after the change in [KC1] (K ). They show that [KC1] dose dependently increased [Ca 2+ ] ER soon after 
the depolarization, but not 5 min after the depolarization as the [Ca 2+ ] ER rise became smaller for [KC1] >15 mmol/L. **P < 0.01 and ***P < 0.001, 
for the comparison between SERCA3 +/+ and SERCAS~ /_ islets at each [KC1], respectively. M-O: Simultaneous measurement of [Ca 2+ ] c (FuraPE3) and 
[Ca 2+ ] ER (D4ER) in 0-cells from SERCA3 +/+ (M and O) or SERCA3~ X ~ (iV) mice perifused with a glucose-free medium (GO) and 250 jjimol/L Dz, and 
stimulated with 45 mmol/L KC1 as indicated. O: 0-cells were pretreated for 30 min with 1 |uimol/L thapsigargin (Thapsi) prior to the experiments. Values 
are means ± SE for 29-81 cells from three to six experiments with three to four islet preparations. 
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FIG. 6. The ER decreases or increases its [Ca 2+ ] to compensate for, 
respectively, a sustained increase or decrease in [Ca 2+ ] c . [Ca 2+ ] E R 
(D4ER) was measured in 0-cells from SERCAS +/+ mice. The glucose 
concentration (G) was increased from 0 to 20 mmol/L before the ad- 
dition of 250 (uimol/L Dz (A) or 1 jxmol/L nimodipine (1?) or the removal 
of extracellular Ca 2+ (CaO-EGTA) (C). ACh (100 jjimol/L) was added at 
the end of the experiments. Values are means ± SE for 22-42 cells from 
three experiments with three islet preparations. 



intraperitoneal glucose tolerance test (Fig. SA and B). 
However, the stimulation of insulin secretion by glucose was 
larger in islets isolated from SERCAS'' versus SERCA3 +/+ 
mice, but the response to subsequent depolarization with 
K45 was similar (Fig. SC and D). 

We tested whether SercaS ablation increases islet ER 
stress. As expected, thapsigargin significantly increased 
Xbpl mRNA splicing and the mRNA levels of the ER 
stress-response genes BiP, Gaddl53 (=Chop), and Edem 
in SERCA3 +/+ islets (Fig. SE). The effects of thapsigargin 
were of similar relative amplitude in SERCAS''' islets, but 
the mRNA levels of BiP and Gaddl53 tended to be lower 
in SERCAS '' versus SERCA3 +/+ islets. 



DISCUSSION 

We investigated [Ca 2+ ] ER changes during spontaneous or 
imposed variations of [Ca 2+ ] c and/or cell metabolism and 
the role of SERCA2b and SERCA3 in the control of [Ca 2+ ] c , 
[Ca 2+ ] ER , insulin secretion and ER stress. This is the first re- 
port of simultaneous measurements of [Ca 2+ ] c and [Ca 2+ ] ER in 
living, primary (3-cells. 

Nature of ER Ca 2+ pumps. In (3-cells, SERCAs are the 
main pumps taking up Ca 2+ into the ER as the uptake was 
almost completely abrogated by thapsigargin. The small 
residual thapsigargin-resistant uptake occurring in re- 
sponse to a rise in [Ca 2+ ] c or acceleration of cell me- 
tabolism might involve other pumps like the plasma 
membrane-related Ca 2+ -ATPase-l (PMR1) (29). SERCAs 
are responsible for refilling the IP 3 -sensitive Ca 2+ store of 
the ER as thapsigargin fully prevented the ACh-induced 
[Ca 2+ ] ER drop. However, a high concentration of ACh (100 
(xmol/L) only partly emptied the ER in Ca 2+ . This was not 
likely a result of insufficient production of IP 3 , as a maxi- 
mal effective IP 3 concentration partly emptied the ER of 
permeabilized |3-cells (30). This suggests that either the 
ACh-sensitive pool is a subset of the thapsigargin-sensitive 
pool, or that Ca 2+ uptake by the ER in the presence of ACh 
compensates for Ca 2+ leak through IP 3 receptors and 
keeps the ER partially filled. 

Regulation of Ca 2+ uptake by the ER. The observation 
that the initial drop in [Ca 2+ ] c elicited by glucose is asso- 
ciated with an increase in [Ca 2+ ] ER strengthens the pre- 
vious proposal that this drop is the consequence of Ca 2+ 
sequestration by the ER (4,31,32). In the presence of Dz, the 
filling of the ER in Ca 2+ is half-maximal at ~5 mmol/L and 
maximal at 8 mmol/L glucose. These values are close to 
those reported earlier (9). The similar glucose dependency 
of the [Ca 2+ ] ER increase in SERCA3 +/+ and SERCAS''' 
P-cells in the presence of Dz suggests that SERCA2b is 
sufficient for the glucose-induced Ca 2+ replenishment of the 
ER at basal [Ca 2+ ] c , as previously suggested (5). This is not 
surprising because SERCA2b is more sensitive to Ca 2+ than 
SERCA3 (33). Experiments of glucose withdrawal showed 
that the ER quickly adapts its [Ca 2+ ] to fuel deprivation. 
Surprisingly, we found that glucose or amino acids pro- 
moted ER Ca 2+ uptake in the absence of external Ca 2+ 
(Fig. 7 A and B). This indicates that cytosolic Ca 2+ -binding 
proteins constitute an important source of Ca 2+ , but the size 
of this pool is limited as [Ca 2+ ] ER rose to a much larger 
extent when extracellular Ca 2+ was readmitted while Ca 2+ 
influx through voltage-dependent channels was prevented 
by Dz (Fig. IF). 

Experiments testing the impact of [Ca 2+ ] c on [Ca 2+ ] ER in 
SERCAS '' (3-cells showed that SERCA2b is strongly 
stimulated by a rise in [Ca 2+ ] c . In the presence of 15 mmol/L 
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FIG. 7. Characteristics of Ca + uptake by the ER in response to activation of cell metabolism and during blockade of Ca + influx through voltage- 
dependent Ca 2+ channels. [Ca 2+ ] E R (D4ER) was measured in (3-cells from SERCA3 +/+ mice perifused with a Ca 2+ -free medium (CaO-EGTA) 
throughout (A-E} or only at the beginning of the experiment (F). A and C-F: The glucose concentration was increased from 0 (GO) to 20 mmol/L 
(G20) before the addition of 250 fjimol/L Dz (^4) or 5 mmol/L azide (.D), or the readmission of 2.5 mmol/L CaCl 2 (Ca2.5) (F), or after the application 
of 20 mmol/L sucrose (C) or 5 mmol/L azide (F). B: The medium was supplemented with 5 mmol/L leucine and 5 mmol/L glutamine (Leu5 + Gln5) 
when indicated. A-F: ACh (100 jjimol/L ) was added at the end of the experiments. Values are means ± SE for 23-44 cells from three experiments 
with three islet preparations. 
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FIG. 8. SERCA3 ablation does not affect glucose tolerance, increases 
glucose-induced insulin release, and does not induce ER stress. A and B: 
Changes in blood glucose (A) and plasma insulin levels (1?) in SERCA3 +/+ 
and SERCA3~ X ~ mice in response to an intraperitoneal glucose toler- 
ance test (2.4 gfltg body weight). C: Batches of 25-30 SERCA3 +/+ and 
SERCA3~ / ~ islets were perifused with a medium containing 1 or 15 
mmol/L glucose (G) or 250 |mmol/L Dz, as indicated. The [KC1] of the 
medium was increased from 4.8 to 45 mmol/L when indicated. Insulin 
secretion is expressed as percentage of islet insulin content. Values are 
means ± SE of four to five experiments. D: Integrated insulin secretion 



glucose, SERCA3 contributes to ER Ca 2+ accumulation 
because the maximal [Ca 2+ ] ER achieved at high [Ca 2+ ] c and 
the spontaneous glucose-induced [Ca 2+ ] ER oscillations 
were higher in SERCA3 +/+ than in SERCA3 '- p-cells. This 
correlates with the observation that spontaneous glucose- 
induced [Ca 2+ ] c oscillations are of larger amplitude in 
SERCAS^ than in SERCA3 +/+ (3-cells because of decreased 
buffering capacity of the ER (4). 

The crucial role played by ATP in Ca 2+ uptake by the ER 
is supported by the rapid drop in [Ca 2+ ] ER that occurred 
upon addition of the mitochondrial poison azide. How- 
ever, the observations that [Ca 2+ ] ER was much higher in 
a glucose-free medium than with thapsigargin, that azide 
decreased [Ca 2+ ] ER in GO, and that high KC1 strongly in- 
creased [Ca 2+ ] ER in GO indicate that enough ATP is pro- 
duced by endogenous fuel in a glucose-free medium. This 
is compatible with the very high affinity of SERCAs for 
ATP (9,33). It was surprising to see that azide did not de- 
crease [Ca 2+ ] ER to the same extent as thapsigargin (Fig. 
3E). This suggests that some ATP can still be produced 
independently of fuel provision and mitochondrial metab- 
olism and/or that there is enough ATP stored in the cell to 
maintain basal SERCA activity. 

CICR from the ER. Our study reveals that raising [Ca 2+ ] c 
induces an initial [Ca 2+ ] ER rise followed by a [Ca 2+ ] ER 
decrease that is particularly prominent in cells expressing 
SERCA3. This decrease is concomitant to a [Ca 2+ ] c rise and, 
hence, reflects Ca 2+ release from the ER. It depends on the 
filling state of the ER as it is observed at [KC1] >25 mmol/L. 
It can be triggered by imposed [Ca 2+ ] c oscillations (Fig. 
5F) and is also observed in response to tolbutamide. The 
observations that mouse (3-cells lack ryanodine receptors 
(Supplementary Fig. 8) (13), that this Ca 2+ release was 
resistant to IP 3 - and ryanodine-receptor blockade, and 
that this Ca 2+ release did not have the same fast kinetic as 
that of the rapid transients observed in INS-1 cells and 
(3-cells from ob/ob mice (13,14,34) prompted us to name 
this process atypical CICR (13). It cannot result from ac- 
tivation of nicotinic acid adenine dinucleotide phosphate 
(NAADP)-sensitive channels located in the membrane of 
acidic organelles but not of the ER (35). The observation 
that the CICR can occur in the absence of Ca 2+ influx, im- 
mediately after the depolarization (Fig. 5H), suggests that 
a high [Ca 2+ ] ER rather than a high [Ca 2+ ] c is the determi- 
nant of this CICR. It is clear that the ER is a very leaky 
organelle because blocking Ca 2+ uptake by thapsigargin 
quickly decreases [Ca 2+ ] ER and increases [Ca 2+ ] c . The 
rate of this thapsigargin-induced [Ca 2+ ] c rise augments 
with [Ca 2+ ] ER (7). Hence, in theory, the atypical CICR 
could result from a rapid decrease of SERCA activity in- 
duced by a drop in cytosolic [ATP] (because, for instance, 
of increased ATP consumption occurring when [Ca 2+ ] c 



calculated in the experiments shown in C from minute 10 to 50 for 
glucose stimulation and from minute 80 to 100 for K45 stimulation. 
E: After isolation, islets from SERCAS''' mice and SERCA3 +/+ mice were 
precultured for 1 week in serum-free RPMI 1640 medium containing 10 
mmol/L glucose and 5 g/L BSA. They were then cultured 18 h in the same 
medium with or without 1 |mmol/L thapsigargin (TG). After culture, islet 
total RNA was extracted and reverse-transcribed into cDNA as pre- 
viously described (50). Xbpl mRNA splicing and Gene:Tbp mRNA ratio 
were measured by PCR as described earlier (50), with the exception of 
the use of mouse-specific primers {Xbpl sense 5-CAAGGGGAGTG- 
GAGTAAGGC-3' and antisense 5 -GGCAACAGTGTCAGAGTCCAT-3'; 
other primers see Marhfour et al. [27]). Data are means ± SEM for 
three islet preparations. *P < 0.05 for the effect of TG in the same type 
of islets; there were no significant differences between SERCA3 +/+ and 
SERCA3 '- islets. 
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rises) (36), by an accumulation of Ca 2+ within the ER that 
negatively modulates SERCAs (37), or by another mecha- 
nism. As it is only observed in SERCA3-expressing cells, it 
might also reflect Ca 2+ release through SERCA3 working in 
the reverse mode (38). 

ER adaptation to sustained changes in [Ca 2+ ] c . Our 

study also shows that the Ca 2+ -induced [Ca 2+ ] ER changes 
are transient. [Ca 2+ ] E R tends to stabilize at similar levels 
after a long rise or drop in [Ca 2+ ] c (Fig. 6A and B, arrows 1 
and 2). This may contribute to the relative long-term 
stability of the [Ca 2+ ] ER . The slow refilling of the ER in Ca 2+ 
occurred when [Ca 2+ ] c decreased to basal levels (Fig. 6). 
Quenching experiments with Mn 2+ demonstrated a prom- 
inent Ca 2+ influx in hyperpolarized cells that might involve 
STIM/Orai (39) or other unknown pathways. 
Physiological implications. Glucose-induced insulin se- 
cretion entirely depends on Ca 2+ influx (1,2,40). Upon Ca 2+ 
influx, the ER has two effects on [Ca 2+ ] c . By taking up Ca 2+ , 
it buffers the rise in [Ca 2+ ] c , which limits the amplitude 
of [Ca 2+ ] c oscillations driven by intermittent Ca 2+ influx. 
Once the ER is replenished with Ca 2+ , it can release Ca 2+ . 
Hence, at the end of each oscillation, the ER slowly releases 
Ca 2+ , which lengthens the duration of [Ca 2+ ] c oscillations 
and is responsible for the summation of the [Ca 2+ ] c signal 
upon application of repetitive depolarizations. This phe- 
nomenon induces mixed [Ca 2+ ] c oscillations (6,41). If Ca 2+ 
influx is prolonged and sustained, the ER can release Ca 2+ 
by an atypical CICR, which might reflect a protection against 
[Ca 2+ ] ER overload or constitute a mechanism producing ATP 
if it represents SERCA3 working in reverse mode (38). 

The filling state of the ER modulates a store-operated 
current (SOC) in (3-cells (42,43), the function of which is 
to replenish the ER with Ca 2+ . Changes in SOC ampli- 
tude control p-cell electrical activity (44). The amplitude 
of the rapid [Ca 2+ ] ER oscillations (frequency 2-3/min) is 
probably too small to significantly affect SOC. However, 
that of the slow [Ca 2+ ] ER oscillations evoked by glucose 
(0.25-0.5 per minute) might be of sufficient amplitude to 
modulate SOC and, hence, electrical activity (44). This is 
compatible with the observation that the smaller ampli- 
tude of the slow [Ca 2+ ] ER oscillations in SERCAS''' 
compared with SERCA3 +/+ (3-cells is accompanied by the 
disappearance of the periodic electrical activity (41). 

Because the ER controls [Ca 2+ ] c and the electrical activ- 
ity, it also influences insulin secretion. Thus, SERCA3 abla- 
tion increases glucose-induced insulin release (Fig. 8) (4). 
This is probably due to the larger [Ca 2+ ] c oscillations result- 
ing from the decreased buffering capacity of the ER under 
these conditions (Fig. 2) (4). Importantly, we found that 
SERCA3 ablation did not impair glucose tolerance in vivo 
in mice, which suggests that SERCA3 might not be a culprit 
in the etiology of type 2 diabetes in humans, as previously 
suggested (22). 

Apoptosis (17,45,46), synthesis, modifications and fold- 
ing of proteins (47,48), and ER stress response (Fig. 8E) 
(49) are affected by large [Ca 2+ ] ER changes. The influence 
of small [Ca 2+ ] ER variations is unknown. In particular, we 
did not find ER stress induction in SERCA3~ y ~ mice, al- 
though depleting the ER in Ca 2+ with thapsigargin induced 
a strong ER stress response (Fig. 81?) (50). Average 
[Ca 2+ ] ER rather than absolute changes in [Ca 2+ ] ER might be 
more important to control these parameters. In that con- 
text, it is worth reemphasizing that our study demon- 
strated a relative long-term stability of the [Ca 2+ ] ER , since 
for a given glucose concentration, sustained and strong 
Ca 2+ influx elicited only a transient [Ca 2+ ] ER increase. 
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